ABSTRACT A high-resolution method of spectral analysis, of the class generally called "maximum entropy method," was used in a study of aortic porcine valve closing sounds in 37 patients ( 
THE USE OF glutaraldehyde-preserved porcine xenografts for heart valve replacement has become widely accepted over the past decade.' However, in common with all prosthetic valve types, they remain subject to infection and thrombosis. [2] [3] [4] [5] In addition, studies of gross and histologic anatomy have shown that porcine valve leaflets often undergo progressive ultrastructural changes that result in increasing stiffening with time. 6' 7 Further degeneration may be accompanied by calcification and valve stenosis or valvar regurgitation from leaflet retraction or fracture. [8] [9] [10] In patients who deteriorate clinically after heart valve replacement, it may be difficult to differentiate intrinsic valve dysfunction from left ventricular failure caused by myocardial disease and to identify valve infection when present. Although clinical evaluation will often establish the correct diagnosis, cardiac catheterization and angiography may be necessary in patients with suspected abnormal prosthetic valve function. These procedures are not without risk.
Phonocardiographic, radiographic, radionuclide, and ultrasound techniques have been used to diagnose mechanical and bioprosthetic valve dysfunction." -20 Recently, spectral analysis has been applied to valve sounds,2'-25 including the closing sounds of aortic porcine xenografts. 24 In one of these studies, relatively high frequency content was found in the frequency spectra derived from two aortic porcine valves with abnormal function, which had been in place for 5 and 7 years; these spectral alterations were the same as those obtained from normally functioning aortic porcine valves implanted for a similar period.24 However, this study was based on the fast Fourier transform (FFT) method of spectral analysis. FFT is inherently limited by the uncertainty principle, which states in this case that frequency resolution is directly proportional to the duration of the signal. With most phonocardiographic techniques, aortic porcine valve closing sounds are estimated to be 15 to 25 msec in duration, which thereby imposes a 40 to 70 Hz resolution limit on FFTbased spectral analysis.26 A radically different method of spectral analysis is the autoregressive method, one of several closely related methods that have been grouped under the general term "maximum entropy method" (MEM).2$28 The specific technique used in this study was the "covariance method. 29 We will AManufacturers designation in millimeters (internal orifice diameter of the sewing ring).
phonocardiogram was made with a Siemens Elema-Schonander microphone (Model EMT 25 C) together with simultaneous recording of ECGs (lead II), carotid pulse, and respiratory tracings. These were recorded on an Elema-Schonander four-channel strip chart recorder (Model EM34) with paper speeds of 25 to 500 mm/sec.
Recordings were made during 10 to 15 cardiac cycles with the patient in "held" expiration. The recording system (figure 1) used a Hewlett Packard microphone (Model 21050B). The output of the microphone was filtered and amplified by a preamplifier with adjustable band-pass filters (Princeton Applied Research Model 1 13) set to a flat frequency response from 30 Hz to 1 kHz and a 6 dB per octave roll-off beyond these frequencies. The signals were then passed through a preemphasis filter, which accentuated the higher frequencies and allowed their recording in the presence of the higher amplitude low-frequency components. The preemphasis filter had a 6 dB per octave rise from 20 Hz to 3 kHz. The filtered signals were finally recorded onto an audio tape system with a two-channel reel-to-reel recorder (Teac Model A2300-SX). The total system frequency response curve was linear, with a rise of 6 dB per octave, between 30 Hz and 1 kHz (figure 2).
When replayed for subsequent analysis, the output of the tape recorder was passed through a second band-pass filter (Rockland Model 75 IA) set at 30 and 1500 Hz, with 60 dB per octave roll-off beyond these frequencies. After analog-to-digital conversion at a sampling rate of 3000 Hz, the digitized phonocardiogram from the aortic porcine valve was displayed on a Tektronix 4010 graphics terminal. Closing sounds recorded with the microphone at the second left sternal border during held expiration usually provided the best signal-to-noise ratio and satisfactory separation of aortic (A2) from pulmonic (P2) components. If not, phonocardiograms recorded from the fourth left sternal border were used. To obtain an ideal spectral estimate, A2 should be clearly separated from P2 as well as from any noise, murmur, or friction rub. In practice, this was not always possible, and in two cases the signal was judged to be unsuitable for analysis. These patients were therefore excluded from the study population.
Six to eight aortic closure sounds were selected by manually placing time windows appropriate to the length of the aortic porcine valve closing sound (figure 3). The estimated duration of this sound ranged from 18 to 25 msec, giving 54 to 75 data samples. The amplitude vs frequency spectrum was then calculated for each closure sound and an averaged frequency power spectrum was obtained.
Spectral analysis. The aortic closing sound was analyzed by two methods, the FFT and the MEM. With FFT, the signal is expressed in terms of a series of fixed complex exponentials. With covariance MEM,2' 29 the signal is modeled as a linear combination of a small number of exponential terms and the best exponentials are calculated for each signal. Equivalently, an autoregressive model is derived to represent the signal. The coefficients of the autoregressive model for the MEM estimate were calculated by the covariance method of linear predication.27-29 The model order was restricted to less than one-third the data length, so that large spurious spectral peaks would not be generated. 28 In practice, this was accomplished by beginning the analysis with a model order equal to one-third the data length and reducing model order until three successive model orders showed stable F, and F2 localization (ordinarily only three to four model order numbers). Both methods of analysis were implemented as programs run on a Data General Nova 4 minicomputer. The frequency spectra obtained for each prosthetic heart valve contained two or more frequency peaks, the two highest of which were used for the statistical analysis. F, was defined as the location of the frequency peak that had the highest amplitude and F2 as the location of the peak with the second highest amplitude.
Statistical methods. To detect differences in the location of F, and F2 between each group, stepwise discriminant analysis was employed. A multiple regression3' was performed to examine further the effects on F, and F2 of the patient's age and sex, A reproducibility study on 20 of the 37 patients was performed by two observers, each without knowledge of the patients' classification into one of the three groups. Twelve to 14 aortic closure sounds, previously recorded on tape and used for the original spectral analyses, were identified for each patient. Six to eight A2 recordings were selected, time windows were placed, and analysis was repeated independently. The resulting MEM spectra from this second analysis of 20 patients were then compared with the frequency spectra obtained from the first independent analysis.
Results
Technically satisfactory phonocardiograms were obtained from the second left intercostal space in 32 valves (table 2). In the phonocardiograms from the remaining six valves, the signal-to-noise ratio at this location appeared insufficient for analysis, and the fourth left intercostal space was used.
When all the results were reviewed, the MEM spectral estimate was confirmed in its ability to resolve frequency peaks that were lost by the FFT method. An example is provided in figure 4 , which shows that peaks not resolved by FF1l were clearly separated by MEM. In all patients, peak resolution was better with MEM, and F1 and F2 were more easily defined. In addition, peak selection with the FFT was often made difficult by artifactual "side-lobing," which is inherent in this method27 but not present in the spectra derived by the MEM. Therefore the latter method was used to derive F1 and F2 for the multivariate analyses.
The MEM frequency spectra from patients in both In addition to the higher location of F, or F2, prominent third and fourth peaks above 300 Hz were common in patients of group 3. Although both group 3 patterns were clearly different from those derived from patients in groups and 2, neither was associated with a particular anatomic abnormality of the leaflet. The locations of F, and F2 and the frequency spectra of closing sounds from Carpentier-Edwards, Hancock, or modified Hancock xenografts were similar. There was no correlation between the location of frequency peaks and xenograft size. In subjects with normally and abnormally functioning valves, the location of the dominant frequency peak of valves implanted 10 days to 6 months before study was not statistically different from that of valves implanted 16 months to 5 years or greater than 5 years before study. There was no effect in these patients of age, sex, cardiac rhythm, hematocrit, or aortic root size.
The MEM spectra exhibited a high degree of reproducibility. The two independent observers agreed on the classification of valve function as normal or abnormal in all but one (patient 37) of the 20 patients analyzed (table 3) . In this patient the amplitude of the second and third peaks were almost identical. Thus the difference in classification was caused by minor amplitude differences between the two studies.
Discussion
We have shown that high-resolution spectral analysis of aortic porcine valve closing sounds facilitates the diagnosis of intrinsic valve dysfunction caused by leaflet degeneration or infection.
Other methods used for the investigation of porcine valve dysfunction include fluoroscopy, radionuclide gated blood-pool scanning, echocardiography, and Doppler techniques. Exaggerated rocking of the sewing ring by fluoroscopic techniques may provide indirect evidence for paravalvar regurgitation. 14 Other investigators have examined the spectral content of closing sounds from normal and stenotic native aortic valves as well as from porcine heterografts in the aortic and mitral position.24 25 Our range of frequency peak location from normally functioning aortic porcine valves is higher than that previously reported.24 This difference in frequency peak location for normal 48 valves may be accounted for by our phonocardiographic and spectral analysis technique. First, frequency content is dependent on the way the sound is recorded and can be modified according to the filtering functions used. We used a system that attenuated frequencies between 30 Hz and 1.5 kHz at 6 dB per octave and that virtually excluded frequencies outside that range (figure 2). Since high-amplitude low-frequency sounds otherwise mask the higher frequency components, this system permitted accurate recording of higher frequencies within the range of interest. Second, the expanded display of the second heart sound generally facilitated isolation of the aortic porcine closure sound from the pulmonary closure sound, which is a lower frequency sound ( figure 3) . Furthermore, the methods used for the estimation of the frequency spectra in recent studies23-25 have been based on FFT spectral analysis, which is more appropriate for signals of relatively long duration or for steady-state signals. We have confirmed preliminary studies26 which have suggested that an FFT-based analysis of the phonocardiogram is inappropriate for the analysis of short-duration sounds because the method has a resolution limit di- rectly determined by the signal length. In addition, sidelobing, an artifact inherent in the FFT analysis, can mask low-amplitude secondary peaks. The covariance method used in this analysis does not have these limitations of resolution and peak definition. Thus both recording and analysis techniques may account for the relatively high-frequency peaks found in our normal subjects and for the ability to differentiate normal from abnormal closure sounds in this study.
The method of spectral analysis used in this study was time consuming and must be considered experimental. Furthermore, the study was prospective in the sense that the data were acquired and analyzed before the patient was identified as having normal or abnormal prosthetic valve function. However, it was retrospective in the sense that the data so generated were used as a training set for definition of diagnostic criteria. We have recently developed a program that permits semiautomated sampling and analysis of valve sounds and that achieves a highly significant economy of time. This program makes practicable a prospective clinical study of a larger group of patients to test the validity of the criteria derived from the present study as well as to determine the cost-effectiveness of spectral analysis in the diagnosis of porcine valve dysfunction.
